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Abstract— Charging Electric Vehicles (EVs) fast and safely has
a crucial role in the future of the EV technology. High-power
Wireless Power Transfer (WPT) helps to significantly decrease the
charging time. However, when the power transfer levels increase,
thermal management becomes a significant challenge. The
thermal design of the WPT systems needs more consideration in
the design and implementation steps. This paper presents a
thermal analysis of a 100 kW high-power WPT system. The
thermal performance of the proposed design was evaluated at
different power levels by considering the magnetic design and loss
analysis. Finite Element Analysis (FEA) of the proposed design
was performed and the thermal images of the implemented system
were taken to prove the simulation results. The results show that,
a liquid cooling design is needed for a high-power WPT systems
for the long-time continuous operations of the charging pads.

Keywords—thermal analysis, wireless power transfer, polyphase
coil, finite element analysis

I.  INTRODUCTION

Wireless charging allows systems to transfer power from
source to load without a physical connection. This makes
wireless charging technology a safe, convenient and reliable
charging method. The long charging times and limited range of
the EVs can be seen as the most important drawbacks for EV
adoption, which are still standing as problems that need to be
solved. To decrease the charging times, Extreme Fast Charging
(XFC) has been started to be used for EV [1]. Parallel to these
needs and developments in semiconductor technologies, the
power levels for WPT system of EV charging have increased
over the years [2-4]. The power density of a WPT system can be
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increased by using a three-phase system. A 50 kW system was
proposed with a rotating magnetic field and a power density of
195 kW/m? was achieved [5].

Thermal management is one of the most critical aspects of
high-power wireless charging systems. As the power level
increases above 20 to 50 kW, even a highly efficient wireless
charging system tends to exceed the optimal operating
temperature, therefore, needs a detailed thermal analysis and
design optimization. The thermal design depends on the
components integrated into the charging pads. The liquid
cooling becomes essential if the resonant tank components and
rectifiers are added to the back of the charging pad. For a
separately integrated charging pad with only coil and core, an
optimally designed conductive cooling can be sufficient for a
short period of charging. However, for continuous fast charging,
such as 100 kW charging, liquid cooling might be required even
for limiting the temperature of the coil and core.

The behavior of the charging pad parts in a WPT system
changes with increasing temperature, especially with long
operation durations. This causes a nonlinearity and needs to be
studied carefully before an experimental verification. The
thermal model of the systems can be created and analyzed by
using analytical methods as given in [6]. However, developing
the analytical models is a big challenge, especially for the
nonlinear systems. To obtain accurate results for the thermal
analysis of the WPT systems, FEA simulations can be used [7].
In the literature, the thermal design and optimization are
investigated for 110 kW [8], 30 kW [9], and 50 kW [10] wireless
charging systems. Other works on the thermal analysis of
wireless charging systems are limited to only a few tens of
kilowatt power levels [11]-[19]. However, the thermal analysis
is limited for even higher-power wireless charging systems.
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Fig. 1. Lumped structure of a three-phase WPT system.

In this paper, the thermal analysis is proposed for a highly
compact, conduction-cooled 100-kW polyphase wireless
charging system. In Section II, the polyphase WPT system is
presented. In Section III, magnetic design and loss analysis were
performed by FEA and results are given. In Section IV, thermal
analysis and experimental validation of the proposed system are
presented.

II.  POLYPHASE WIRELESS POWER TRANSFER SYSTEM
DESCRIPTION

A three-phase WPT system is consists of a power supply,
high-frequency inverter, primary side compensation tank and
primary coil. On the secondary side, there is a secondary coil,
secondary side compensation tank, rectifier, and load. Polyphase
coil design helps to transfer higher power levels than single-
phase systems. The magnetic field for the studied three-phase
WPT system is rotational and the phase coils are bipolar. A
block diagram of a three-phase WPT system is given in Fig. 1.

An open-ended winding dual 3-phase inverter and an open-
ended winding dual 3-phase rectifier structure were used on the
primary and secondary sides respectively. According to coil
inductor values on the primary and secondary sides tuning
capacitors need to be added to the design to operate at the
resonant frequency. Besides the basic compensation topologies,
hybrid topologies can also be used to tune the system [20]. As
can be seen from Fig.1, an LCC compensation topology was
used for both primary and secondary sides. This topology
provides a coupling coefficient and load-independent constant
current [21]. As given in Fig. 1., 4, B, and C present the primary
side 3-phase coils where X, ¥ and Z present the secondary side
3-phase coils. The inductance matrix of the system is given in
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In the inductance matrix L indicates self-inductance and M
indicates mutual inductance. As the power level increases, the
design of the magnetic part is getting more important and the
design engineers are facing some challenges. One of the most
important challenges is the heating-up problems since the
magnetic flux density values are increasing and they are the
main reason for this.

III. MAGNETIC DESIGN AND LOSS ANALYSIS

The magnetic design of the WPT systems is the most
important part and it consists of the coil and magnetic core
materials. A 3D model of this part was created in ANSYS,
Maxwell software and given in Fig. 2. FEA analysis of the
model was performed to obtain the core and copper losses

The core loss for the two layers of core material and copper
losses for each phase were obtained only for the secondary side
since the primary side is designed quite large and a heating-up
issue is not expected for this side.
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Fig. 2. Magnetic design of 100 kW WPT system.

The results show that the copper loss for the secondary side
coil is 198.8 W for each phase and totally 596.4 W. The core
loss for only the secondary side is 52.09 W.

The magnetic field density distribution on the secondary side
core material is given in Fig. 3.
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Fig. 3. FEA results of the magnetic flux density distribution over the core
material.
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Fig. 4. FEA analysis results of the core loss distribution on the secondary side
a) 15 mm thick layer top view secondary core, b) 10 mm thick layer bottom
view.

The core loss distribution view on the top and bottom layers
of the secondary side core material is given in Fig. 4. As can be
seen from the magnetic field density and core loss distribution
figures, the core loss and magnetic field concentrate in the
middle since the coil design has great symmetry.

IV. THERMAL ANALYSIS AND EXPERIMENTAL VALIDATION

To understand the thermal behavior of the 100 kW XFC coil,
transient thermal analysis was done for the secondary side of the
coil. Thermal FEA was done on finite element analysis software
COMSOL. Coil and core materials were the heat sources where
power loss densities were assigned in the corresponding
components. The losses were extracted from the
electromagnetic simulation which was done one ANSYS,
Maxwell. For the core losses, instead of a single finite value, the
distribution of losses was assigned in the cores. In Fig. 5, the
setup for the thermal analysis is given.
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Fig. 5. Model for the thermal simulation: (a) Top view and (b) side view of the
assembly.

To set the model, ABS plastic casing and plexi glass sheet
were added to the model too. The plexiglass sheet is 600 mm by
600 mm and with 5 mm thickness. The ABS plastic which is
used to hold the coil has similar dimensions as coil by
rectangular shape. To take into account the effect of natural
convective cooling, 5 W/m?-K heat transfer coefficient was
considered at all the side surfaces. At the top surface of the core
which has larger exposure to air, 15 W/m?-K heat transfer
coefficient was considered to take into account the effect of
higher heat transfer. At the interface of ABS plastic and the core
layers, there are some holes, but due to less space from the sides,
not much airflow was anticipated. So, a very conservative 1
W/m?-K heat transfer coefficient was considered.

The thermal properties of different components are given in
Table I.

TABLE I: THERMAL PROPERTIES OF DIFFERENT COMPONENTS

Components Density Thermal Temperature

(Kg/m®) conductivity limit
(W/(m'K))

Litz wire 4800 0.38 155

Ferrite core 4600 4.01 130

ABS plastic 1020 0.14 150

Plexiglass 1150 0.13 150

sheet

After running the transient simulation for 10 minutes of
WPT operation, the maximum temperature of the coil reached
90 °C while the core temperature reached to 50 °C. Fig. 6 shows
the temperature of the coil with respect to time for different
power losses. It shows the temperature of the coil after 10
minutes for a range of power losses starting from 10 kW to 100
kW. The initial temperature was 20°C. For 10 kW power
transfer, corresponding loss for coil is 55 W (see Table II). After
10 minutes, coil temperature reached to 26 °C. For 20 kW power
transfer, where corresponding copper loss was 104.43 W, after
10 minutes, coil temperature reached to approximately 31 °C. In
Table II, all the power losses in coil corresponding to relevant
power transfer are provided. The core losses were extracted
from the loss distribution in cores. As the distribution of losses
are not uniform (see Fig. 3 and 4), core losses assigned in
different position of cores are different. The center core has the
highest loss density while it reduced in polynomial
fashion/exponentially from the center core towards outer
direction. With 10 times increment of copper loss, the coil
temperature increases approximately 4 times.



TABLE II: LOSSES FOR DIFFERENT POWER TRANSFER

Power Secondary side Secondary Core loss Coil
(kW) Copper loss per side Copper density temperature
phase (W) loss 3ph (W) (W/m?) (°0)
10 18.49 55.47 1.95 26
20 34.81 104.43 4.65 31
30 51.49 154.48 7.84 37
40 68.82 206.47 11.62 43
50 85.87 257.63 15.67 49
60 102.21 306.63 19.83 54
70 119.90 359.70 24.59 60
30 136.42 409.26 29.37 66
90 153.51 460.53 34.47 72
100 172.92 518.76 40.1 78
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Fig. 6. Temperature change of coil with respect to time.

Fig. 7 (a) shows the contour plot to temperature in coils and
Fig. 7 (b) shows the temperature distribution in core. After 10
minutes, the maximum temperature is close to the center of the
coils. The core temperature distribution at the surface which is
closer to the coil shows a temperature pattern similar to the coil
shape.
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Fig. 7. Temperature contour on the (a) coils and (b) core.

The surfaces which are in exposure with coil footprint, has
higher temperature than surroundings. The thermal image of the
experimentally implemented system was taken when the system
was operating at 100 kW by FLIR Thermal Camera. The
temperature distribution after 3 minutes of operation on the
secondary core is given in Fig. 8.

(b)

Fig. 8. Temperature distribution (°C) on the secondary core material of the
100 kW system: a) simulation result, b) experimental image.

V. CONCLUSION

In this paper, the electromagnetic loss and thermal analysis
of a 100-kW polyphase wireless charging system is presented.
The heat source for the thermal analysis of the wireless charging
pads is the loss components of the resistive loss in the Litz wire-
based coil, and hysteresis loss of the MnZn-based ferrites. The
other parts affecting the thermal characteristics are the ABS coil
holder, and plexiglass-based coil enclosure.  The
electromagnetic and thermal analysis of the studied 100 kW
wireless charging system is conducted in FEA and tested
experimentally at the rated power. The results show that the 100-
kW charging pad can be operated with natural conduction
cooling for a limited amount of time, However, for the
continuous operation at rated power, it requires additional forced
air or liquid cooling.
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